Control of large flexible space structures (LFSS)
is a challenging problem because of their special dynamic characteristics which include: low, closely spaced structural mode frequencies, very small inherent damping, and the lack of accurate knowledge of the parameters. Controller design approaches for attitude control and vibration suppression of flexible spacecraft have generally evolved into two main classes, namely, model-based controllers (MBCs), and dissipative controllers. MBCs essentially consist of an observer or a state estimator that is "tuned" to a mathematical model ("design" model) of the plant. Such controllers can be typically designed using timedomain techniques (e.g., linearquadratic-Gaussian (LQG), observer/eigenplacement methods) or frequency-domain (e.g., LQGBoop transfer recovery (LTR) or H2/ H, multivariable loop-shaping) techniques. For practical implementability reasons, the controller has to be of order much lower than the plant. The main problem in control system design is the presence of unmodeled higher-frequency modes, which can cause instability of the closed-loop system. Various methods have been developed over the past decade for designing MBCs which will maintain stability in the presence of unmodeled dynamics (see [l] for a detailed bibliography). However, little attention has been given in the past to the effect of parametric uncertainties. We first review the application of MBCs designed using multivariable frequencydomain methods. This class of controllers relies on an observer that utilizes the knowledge of the plant in its "prediction" part. A method is given for designing MBCs which provide robustness to unmodeled elastic-mode dynamics. However, such MBCs are generally very sensitive to parameter uncertainties in the modeled part of the elastic-mode dynamics. We investigate the mechanism which causes such high sensitivity and makes this method unsuitable.
The second category of controllers, i.e., dissipative controllers, use collocated and compatible actuators and sensors (e.g., attitude and rate sensors located near torque actuators). They utilize special (passivity-type) input/output characteristics of the plant and offer robust stability in the presence of unmodeled elastic mode dynamics and parameter errors, i.e., they do not depend on the accuracy of the model for ensuring closed-loop stability. For accomplishing attitude fine-pointing and vibration suppression, it is necessary to control both the zero-frequency rigid-body modes, and the elastic modes. A number of papers (for example, see [2, 31) on dissipative controller design have focused on controlling only the elastic modes, with the implicit assumption that the rigid-body modes can be controlled separately. However, this assumption is not valid because rigid modes are coupled with the elastic modes through control inputs and sensor measurements, and cannot be separated from the elastic modes for controller design. We address the problem of designing dissipative controllers for accomplishing both vibration suppression and rigid-body attitude controL A summary of the stability robustness properties of constant-gain dissipative controllers in the presence of unmodeled elastic mode dynamics, parameter uncertainties, actuator/sensor nonlinearities, and first-order actuator dynamics, is presented. A class of robust dynamic dissipative controllers is also discussed. For the single-input/ single-output (SISO) case, we give sufficient conditions for robust closed-loop stability using a dynamic dissipative compensator, and a generalized proportional-plus-derivative compensator, which is a special case of the former. We show that the robust stability properties are retained in the presence of second-order actuator dynamics if acceleration feedback is used. We also propose a two-level dissipative controller which consists of low-and high-authority controllers, and address the problem of obtaining optimal performance combined with robust stability.
A. Mathematical Model
The linearized mathematical model of a flexible space structure is given by [l] ; I p + B p + C p = r T u
where (2)
where Q represents the rigid-body attitude vector, q is the nq x 1 vector of elastic modal amplitudes, and U is the m x 1 input torque vector. A = AT > 0 is the generalized inertia matrix.
where DT > 0 is the nq x nq matrix representing the inherent damping.
represents the 3 x 3 null matrix, and
where
where wi (i = 1,2, ..., nq) represent the elastic mode frequencies. The attitude and attitude-rate sensor outputs are given by
where y p and y , are 11 x 1 vectors, A p , A r are I1 x nl matrices (nl = nq + 3), and w p , w, are I1-vector zero-mean mutually uncorrelated white noise vectors with covariance intensities W p and W,. By defining the state vector:
T . T T x = @ , P ) the equations of motion can be written as
where x is the n-dimensional state vector (n = 2nl), and y and w are I-vectors (I = 211):
The main problem in controller design is that the number of elastic modes in the "truth" or "evaluation" model is very large. To design an implementable controller, it is necessary to use a reduced-order "design" model, i.e., nq is much less than the number of elastic modes in the evaluation model.
II. MODEL BASED COMPENSATORS
In the case of flexible spacecraft, the plant has an inherently parallel structure; therefore, the unmodeled elastic modes can be lumped into an "additive uncertainty" AP ( Fig. l) , so that the plant transfer function matrix (from torque inputs to attitude outputs) is given by where P ( s ) is the design model transfer matrix, consisting of the three rigid rotational modes and a few elastic modes. A sufficient condition for stability in the presence of unmodeled elastic modes is [4, p. 2731
for Osu < 00 (12) where F[.] denotes the largest singular value, and C(s) is the compensator transfer function matrix. The performance in the frequency domain setting is defined in terms of the bandwidth w b , which is the frequency above which the "closed-loop gain" ~( G C L )
[where GCL = PC(I + PC)-' and a(.) denotes the smallest singular value] starts to roll off below 0.707 ( Fig. 2) . As stated previously, the uncertainty AP consists of the contributions of the unmodeled modes. The uncertainty in the frequencies and damping ratios of the unmodeled modes can be represented by lateral and vertical shifts, respectively, of the peaks of Cr(AP). The uncertainty in the mode shapes can be represented by shifting up the entire iT(AP) curve. Thus, the uncertainty in the unmodeled dynamics can be represented by an envelope in the cr-plot of A P (Fig. 3 ).
The multivariable loop-shaping problem is to obtain a realizable compensator C(s) such that the bandwidth specification is satisfied while simultaneously meeting the robustness condition (12) . One method of accomplishing this is the LQGLTR method [5] which essentially consists of the following steps.
Step 1 Define a "target" (desired) loop gain (indicated by cr[PC]) based on full state feedback design. With the loop broken at the output, the target loop is based on the Kalman-Bucy filter (KBF).
LQG controller by adjusting the weighting matrices for the L Q regulator (LQR).
The target loop is usually designed to satisfy both the performance (bandwidth) specification and robustness condition (12) . When the LQGLTR method was applied to realistic models of flexible spacecraft [l, 61 , it was found that designing the target loop (i.e., KJ3F) in this manner yields a very conservative controller. A better method is to design the target loop only for performance and to iterate on the LQR weighting matrices to satisfy the robustness condition (12) . It is usually necessary to iterate on both the target loop (i.e., KBF) and the LQR to obtain a satisfactory design. It was also apparent that asymptotic loop transfer recovery could be obtained only in the lowest frequency region. However, good loop shaping for performance and robustness could be obtained by iteratively adjusting the LQR and KBF weighting matrices [l] . This technique provides
Step 2 "Recover" the target loop gain using an robustness to unmodeled elastic mode dynamics and uncertainties therein. However, it turns out that the control system is very sensitive to inaccuracies in the design model parameters, in particular, to elastic-mode-fiequencies. That is, for only 1 percent error in the knowledge of w~t we get a peak in the modeling error almost as large as the entire contribution of that mode! Thus, having a small error in the knowledge of a design model frequency is as undesirable as not including that mode in the design model! This somewhat surprising phenomenon occurs because of the sharpness of the peaks (i.e., small inherent damping). This additional high peak in the uncertainty envelope would usually cause violation of the robustness condition (12) . Extensive numerical studies of iterative frequency-domain observer-based designs showed that this problem occurs for any compensator (not necessarily LQG or LTR) wherein the observer uses the knowledge of the design modelfrequencies. This indicates that, unless the frequencies of the elastic modes in the design model are known very accurately, it is better to avoid their use in a model-based design.
However, using only rigid-body modes in the design model generally gives very poor performance [l] . One possible method of reducing the sensitivity is to reduce the peaks of the design model by using a low-authority collocated rate feedback controller for damping enhancement [l] as an "inner loop". However, this would couple all the elastic modes and the system would no longer be amenable to additive uncertainty formulation. Another approach is the "maximum entropy, optimal projection method" [SI, wherein parameter uncertainties are modeled as multiplicative white noise, and a quadratic performance function is minimized over the parameters of a futed-order controller. For this method, it would still be necessary to ensure the performance (i.e., bandwidth) and robustness margins, perhaps using the frequencydomain, singular-value setting. In addition, such controllers may introduce high order notch filters (in order to obtain wider notches for accommodating frequency uncertainties) to attenuate the uncertain elastic modes. This may leave the elastic modes unaffected rather than controlling them.
Ill. DISSIPATIVE CONTROLLERS
In view of the sensitivity problem associated with MBCs, the alternative provided by dissipative controllers seems very attractive. Dissipative controllers basically use collocated compatible actuators and sensors (i.e., torque actuators and angular position and rate sensors), so that [see (6) and (7)]
A, = A, = I?.
The constant-gain dissipative control law is given by where G, and G, are symmetric, positive-definite, proportional and rate gain matrices. It has been shown [l] that this control law gives guaranteed asymptotic stability regardless of unmodeled elastic modes or parameter uncertainties. (It was also shown in [l] that stability is maintained even if small imprecision exists in the collocation of the actuators and sensors). (Fig. 4) ), and 2) stable actuator dynamics ga(s) = k / ( s + a), provided that gp/g, < a, where g, and g, denote the appropriate diagonal elements of G, and G,. The drawback of these controllers is that the performance is inherently limited because of the structure of the controller. G, and G, can be designed to minimize a quadratic performance function, or to obtain closed-loop eigenvalues close to the desired locations in the least-square sense [l] .
A. Dissipative Dynamic Compensators
In order to obtain better performance while still retaining the guaranteed robustness to unmodeled dynamics and parameter uncertainties, we consider a class of dynamic dissipative controllers. can be realized by the stabilizable and detectable realization:
Therefore the closed-loop system is AS.'
Theorem 1 can be applied to investigate stability of the generalized proportional-plus-derivative compensator, wherein G p and G, are allowed to be dynamic systems represented by transfer functions Gp(s) and G,(s) rather than constant gains. It can be be shown that Re[C(jw)] > 0 for all real w if G,/G, < a. Therefore, from Theorem 1, the closed-loop system is AS if G,/G, < a. This result was proved in [ l ] (for the multivariable case) using function space methods. The robust stability holds regardless of unmodeled elastic modes or parameter uncertainty.
From practical considerations, it is more realistic to consider second-order actuator dynamics. If the actuator dynamics are second order, it would be impossible to satisfy the condition: Re[K(s)/s] > 0 *Please note that we have not used the concept of "strictly" PR systems, which is more restrictive, and which has several nonequivalent defmitions. Formal extension of this result to the multivariable case is presently under development.
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for any proper GP(s) and G,(s Thus, the system is AS in the presence of second-order actuator dynamics if the gains are chosen to satisfy (26). Given any positive a and p, it is always possible to select the gains so that (26) is satisfied. This stability property holds regardless of unmodeled elastic modes or parameter errors.
is under development.
Extension of these reults to the multivariable case
B. Two-Level Dissipative Compensators
Another approach to the design of dissipative dynamic compensators is to use a low-authority constant-gain dissipative controller to stabilize the plant, and then to design an additional high-authority (outer-loop) dynamic dissipative controller to optimize the performance. Such a controller would maintain robust stability in the presence of unmodeled elastic modes and parameter uncertainties.
Considering the case where a constant-gain dissipative controller is already in the loop, the It can be shown [l] that B and and that the system in (27) (with r E 0) is AS. Using y , as the output of this "inner-loop" system, a dynamic PR high-authority compensator can be inserted in the outer loop which will retain the closed-loop stability. Suppose an n,th order compensator is given by are positive definite where A,, B,,C, are n, x n,, n, x m , and m x n, matrices satisfying the following conditions:
where Qz,P, are symmetric positive definite matrices. Under these conditions, the compensator is stable and PR [ll], and we have the following result.
THEOREM 2 The system given by (27)-(32) is AS.
PROOF. Let
V ( p , P , z ) = p T p + pTAp + zTP,z.
Then it can be shown that Thus v 5 0, and v = 0 only i f i , 0 and z 0, which implies (from (27)) that p G 0. Thus, the system is AS.
The complete compensator transfer function is U given by
There is no restriction on the order n, of the compensator; the robust stability property holds for any n, > 0. The compensator in (35) has a relative degree of zero, and it can be shown to satisfy the sufficient condition of Theorem 1 for the SISO case. However, it does not appear to be straightforward enough at this point to establish a more general connection between the above result and that in Theorem 1 for the SISO case, wherein a relative degree of "1" was allowed.
C. Optimality of High-Authority Compensator
The compensator given by (35) guarantees closed-loop stability in the presence of unmodeled elastic modes and parameter uncertainty. It would be highly desirable to have such robust compensators which also provide optimal performance. The following result shows that the "outer loop" compensator can be designed to minimize a certain LQG performance function.
model of the system in (27) is given by Defining the state vector x as in (S), the state-space
y , = c x .
Consider a high-authority compensator given by (29), (30) where the order of z is the same as that of the design model (i.e., n, = n). It can be shown that the following relations hold:
Suppose P is factored as
where A is an n x n nonsingular matrix. Then we have the following result THEOREM 3 The compensator given by ( This result basically provides a method for designing an optimal dissipative high-authority controller. The free parameters in the design of this LQG-type dissipative controller are R and Ql (with G , and G, fixed). Such controllers have the potential to yield superior performance with guaranteed robust stability. The best overall performance can be obtained by using G, and G, as additional design variables.
IV. CONCLUDING REMARKS
The instability mechanisms in MBCs caused by high sensitivity to the parameters, were investigated. In view of this problem, dissipative controllers, which guarantee robust stability in the presence of unmodeled modes and parameter uncertainty, offer an attractive alternative. Robustness properties of constant-gain dissipative controllers were summarized, and a class of dynamic dissipative controllers was presented. It was shown for the SISO case that the robust stability can be maintained in the presence of second-order actuator dynamics if acceleration feedback is also used. A class of dissipative compensators, consisting of a constant-gain low-authority controller and a dynamic high-authority controller, was presented. A procedure was presented for designing a dissipative compensator which is also optimal in the LQG sense. These results would be useful for designing compensators which combine high performance with robust stability.
